Oocysts of the waterborne protozoan parasite Cryptosporidium parvum are highly resistant to chlorine disinfection. We show here that both silver nanoparticles (AgNPs) and silver ions significantly decrease oocyst viability, in a dose-dependent manner, between concentrations of 0.005 and 500 g/ml, as assessed by an excystation assay and the shell/sporozoite ratio. For percent excystation, the results are statistically significant for 500 g/ml of AgNPs, with reductions from 83% for the control to 33% with AgNPs. For Ag ions, the results were statistically significant at 500 and 5,000 g/ml, but the percent excystation values were reduced only to 66 and 62%, respectively, from 86% for the control. The sporozoite/shell ratio was affected to a greater extent following AgNP exposure, presumably because sporozoites are destroyed by interaction with NPs. We also demonstrated via hyperspectral imaging that there is a dual mode of interaction, with Ag ions entering the oocyst and destroying the sporozoites while AgNPs interact with the cell wall and, at high concentrations, are able to fully break the oocyst wall.
C
ontaminated drinking water is one of the most important environmental contributors to the human and livestock disease burden, being responsible for an estimated 1.9 million human deaths each year, with protozoan parasites, such as Cryptosporidium parvum, being responsible for a significant proportion of this number (1) . C. parvum is also of significant concern to farmers, as postmortem data indicate that the majority of calves who die at less than 1 month of age are infected with this parasite (2) . Tap water is the most common risk factor for recorded human cases (3), since Cryptosporidium oocysts are robust and long-lived, have a low infectious dose, and are highly resistant to chlorination (4) . The parasite is resistant to most commercial disinfectants, and while filtration can physically remove oocysts, this is not always available or completely effective. Recent research has concentrated on finding a means of inactivating the parasite, and C. parvum has previously shown sensitivity to oxidative stress induced by hydrogen peroxide. However, the extremely high concentration required (10% [vol/vol]) makes it impractical for widespread use (5) .
Recently, numerous studies established that silver nanoparticles (AgNPs) are highly toxic to bacteria and fungi (6) (7) (8) (9) and that this toxicity is often associated with ion release and induction of oxidative stress (7) . Consequently, AgNPs are incorporated into consumer products, such as clothes made of AgNP-containing fabric (10) and personal hygiene products (11) , primarily due to these antibacterial and antifungal properties. Others are incorporated into wound dressings (12) , nano-silver toothpastes, and colloidal silver suspensions designed as nutritional supplements (13) . Since C. parvum has previously shown sensitivity to oxidative stress, we sought to determine the effect of AgNPs on oocyst viability. At the time that we undertook our study, no previous work had investigated the impact of nanoparticles on waterborne protozoan pathogens. A recent article reported some degree of C. parvum oocyst inactivation upon exposure to AgNPs (14) . Our work assesses the dose dependence of nanoparticle action on waterborne protozoan pathogens and additionally ascertains whether AgNPs have any effect on the viability of C. parvum oocysts and whether this effect is due to the presence of Ag ions, the nanoparticles, or a combination of both.
MATERIALS AND METHODS

Materials.
C. parvum oocysts were obtained from the Creative Science Company (Penicuik, United Kingdom). The oocysts were of the Moredun isolate and were stored in phosphate-buffered saline (PBS) at 4°C. All experiments were performed within 4 months of oocyst preparation, and untreated control samples of identical age were used for comparison in every excystation assay. NM300 AgNPs were purchased from Mercator GmbH, and all other chemicals were from Sigma.
Particles and particle characterization. NM300 is one of the representative manufactured nanomaterials included in the OECD's Working Party on Manufactured Nanomaterials Sponsorship Programme and has therefore been chosen for investigation in an increasing number of projects in order to allow comparison of data across multiple sources. It is a colloidal 10% (wt/wt) dispersion of AgNPs in water containing 4% (wt/ wt) each of polyoxyethylene glycerol trioleate and Tween 20 (15) . NM300 and the NP-free dispersant control, NM300-DIS, were obtained from Mercator GmbH, Germany. Characterization data for these AgNPs were obtained previously for the original suspension and for AgNPs in cell culture medium by transmission electron microscopy (TEM), dynamic light scattering (DLS), and inductively coupled plasma optical emission spectrometry (ICP-OES), as reported by Kermanizadeh et al. (16) . NM300 is explicitly produced as a reference material to allow comparison between studies, and the same batch of material was used in this study.
In addition, NM300 NPs were characterized by DLS in sterile water at the exposure concentrations used for this study. For this purpose, NPs were sonicated for 8 min in sterile water in a sonicating water bath at a concentration of 5 mg/ml in a glass vial, followed by inversion of the vial and a second sonication cycle. Serial dilutions of the suspensions were then examined by DLS according to the manufacturer's manual.
Nanoparticle preparation and exposures. For in vitro exposures, particle suspensions were prepared by sonication in a water bath twice for 8 min each in deionized water, as described above. Oocysts (final concentration, 1 ϫ 10 6 /ml) were incubated in sterile water (SLS) at room temperature with various concentrations of AgNPs for a maximum of 30 min. Viability was assessed visually by phase-contrast light microscopy for detection of intact oocysts.
Assessment of viability by excystation assay. Oocysts were incubated as described above and then immediately assessed for viability using the established excystation assay (17) . Briefly, samples were incubated in the presence of trypsin (1% [wt/vol]; pH 3.0) at 37°C for 30 min. Samples were then centrifuged and the supernatant discarded before sodium deoxycholate (1% [wt/vol]) was added and samples were again incubated at 37°C for 40 min. Viability was assessed by counting the numbers of oocysts, sporozoites, and empty shells by phase-contrast microscopy and expressing the number of empty shells divided by the number of oocysts and empty shells as a percentage and thus a measure of excystation of the parasites. Each shell contains four sporozoites, so the sporozoite/empty shell ratio was also calculated.
The percent excystation was calculated by using the counted numbers of oocysts and empty shells with different concentrations of silver nanoparticles, as follows: % excystation ϭ [(number of empty shells)/(number of oocysts ϩ number of empty shells)] ϫ 100. The sporozoite/shell ratio was calculated by using the counted numbers of empty shells and sporozoites, as follows: sporozoite/shell ratio ϭ (number of sporozoites)/ (number of empty shells).
Hyperspectral imaging. Oocyst and AgNP samples were sent to CytoViva Inc. (Auburn, AL). Samples were analyzed using an enhanced dark-field transmission optical microscope (Olympus BX43) equipped with a 100ϫ objective and a hyperspectral imaging spectrophotometer (CytoViva Inc.). The spectrophotometer was used to record spectra with a low signal-to-noise ratio in visible and near-infrared wavelengths (400 to 1,000 nm) at a high spectral resolution (2.5 nm). Ten dark-current images were collected at the beginning of each hyperspectral image acquisition and were subtracted from the hyperspectral image data. A spectral classification algorithm (Spectral Angle Mapper) that uses an n-dimensional angle (equal to the number of wavelengths analyzed) was applied to match pixels on the hyperspectral image to reference libraries acquired by analyzing nanosilver samples dispersed in water.
Statistical analysis. All data are expressed as means Ϯ standard errors of the means (SEM). Statistical analysis was performed by Student's t test (unpaired, two-tailed), using GraphPad Prism software (GraphPad Software, Inc.), and all data represent the means for at least three independent experiments. P values of Ͻ0.05 were deemed to be statistically significant.
RESULTS
Nanoparticle characterization.
The results of the characterization performed in deionized water as part of this study are summarized in Fig. 1 . At concentrations of 5 g/ml and higher, the Z average, which describes the intensity-weighted harmonic mean size of the NPs, was in the "nano-range" of 100 nm and smaller, with no significant changes over a 7-day period (Fig. 1A) . At the lowest concentrations, higher Z averages were found, which can likely be attributed to the relatively larger contribution of large dust particles as background noise.
The polydispersity index (pdi) gives an indication of agglomeration of particles in the suspension. The best-dispersed suspensions were present with concentrations between 0.05 and 5 g/ml AgNPs, and at higher concentrations an increase in agglomeration to a pdi of approximately 0.5 was measured (Fig. 1B) . At high concentrations of NPs, collisions between particles occur more frequently, and therefore agglomeration is encouraged. Similar to the Z average, the pdi remained stable over the 7-day time course. Despite the increase in polydispersity, the Z averages at the higher concentrations indicate good dispersion and a small average diameter, which may be due partly to larger agglomerates precipitating.
In addition to this information, Kermanizadeh et al. reported sizes of NM300 NPs as determined by X-ray diffraction of 7 nm (wet phase) and 14 nm (dried sample) and an average diameter of 17.5 nm as measured by TEM, with primary particle sizes ranging from 8 to 45 nm (16) . Particles were mainly euhydral, with some elongated or subspherical morphologies present. AgNP dissolution in water was assessed at 1, 16, and 128 g/ml over 24 h and was found to be Ͻ0.01%, 0.78%, and 0.59%, respectively (16) . Particles were assessed for endotoxin contamination and were endotoxin-free (data not shown).
Dose-dependent effect of silver nanoparticles on C. parvum oocyst integrity. Samples containing 1 ϫ 10 6 Cryptosporidium oocysts were exposed to silver nanoparticle concentrations ranging from 5 ng/ml to 5 mg/ml. Three replicate experiments were performed for each concentration. After 30 min of nanoparticle incubation with each sample, the effect of the nanoparticles upon the oocysts was assessed visibly using phase-contrast microscopy. A clear AgNP concentration dependence was observed for oocyst destruction. Figure 2 shows typical images of samples following nanoparticle exposures at the highest concentration studied. These images indicate that silver nanoparticles induce oocyst death at high concentrations, leading to a breakup of the oocyst structure such that only debris is observed.
Dose-dependent effect of silver nanoparticles on excystation of C. parvum oocysts. While the above-described experiments indicated that high concentrations of nanoparticles were capable of destroying the oocyst outer wall, a further research question was whether the oocysts which remained intact also remained viable and infectious. Since oocysts cannot be cultured in the lab via traditional microbiological techniques, methods such as determining the MIC or minimum bactericidal concentration (MBC) cannot be utilized. Several methods have been developed to assess oocyst viability, although the gold standard remains the use of animal models, which are expensive and time-consuming and should be used with caution, as other assessment techniques could provide adequate data without requiring infectivity studies (17) . An alternative marker of infectivity is the ability of oocysts to undergo excystation, the process by which oocysts rupture and release the sporozoites which initiate infection in host cells, as approved by The Drinking Water Inspectorate.
In the present study, an identical set of oocyst nanoparticle exposures was repeated, and the impact of the nanoparticles was assessed by excystation assay. Excystation was triggered using a standard protocol of exposure as described in Materials and Methods. The effect of nanoparticles on the viability of oocysts was analyzed through two measures of excystation: the percentage of excystation (Fig. 3A and Table 1 ) and the sporozoite/shell ratio ( Fig. 3B and Table 1 ).
The results indicate very little change in percent excystation with increasing doses of AgNPs, although the highest AgNP concentration (500 g/ml) caused significantly less sporozoite excystation, with a decrease from 83.3% Ϯ 3% to 33.3% Ϯ 17.5%. In contrast, the sporozoite/shell ratio decreased significantly as the amount of AgNPs added increased, with significant changes starting at 5 g/ml (P Ͻ 0.05), most likely reflecting the toxicity of AgNPs to naked sporozoites.
Dose-dependent effect of silver ions on excystation of C. parvum oocysts. Samples containing 1 ϫ 10 6 Cryptosporidium oocysts were exposed to silver ions at concentrations ranging from 0.0005 to 5,000 g/ml. Three replicate experiments were performed for each concentration. As with the silver nanoparticles, the impacts of silver ions on viability and infectivity were assessed using excystation protocols. Again, percent excystation (Fig. 4A ) and the sporozoite/shell ratio (Fig. 4B) were employed as means to determine the extent of excystation ( Table 1) . As with the AgNPs, significant effects on the excystation percentage were observed only at concentrations of 500 g/ml and above. However, the sporozoite/shell ratio was not affected at lower concentrations, with the results for 5 g/ml not being significantly different from those for the positive control. For higher concentrations, i.e., 500 g/ml and above, it is clear that silver ions do reduce the sporozoite/shell ratio (P Ͻ 0.05).
Hyperspectral imaging. Enhanced dark-field hyperspectral microscopy is a technique which allows for the optical visualization and spectral characterization of nanosized objects. As a result, the location of silver nanoparticles can be determined (18) (19) (20) . Enhanced dark-field microscopy enables detection of the scatter from silver nanoparticles at sizes below the optical microscopy resolution limit. Hyperspectral imaging of samples enables spectral characterization of silver nanoparticles based on their unique spectral characteristics. Figure 5 shows images of oocysts for comparison of the negative-control sample with one exposed to AgNPs; the latter clearly shows signs of obvious morphological changes, with such damage likely to mediate a loss of viability. Figure 6 shows the response of the reference AgNP sample as well as an image of an oocyst in the presence of AgNPs. Figure 6B shows an NP interacting with the oocyst wall, whereas internalization of AgNPs is not observed.
DISCUSSION
Recently, there has been considerable interest in the use of nanotechnology for water purification. In particular, the use of nanomaterials in small-scale, point-of-use or emergency response treatment systems has been proposed and investigated. For example, ceramic filters embedded with silver have been tested in several developing countries, and bactericidal silver nanoparticle paper was recently reported in Environmental Science and Technology (21) . However, while it is known that certain nanoparticles exhibit antibacterial activity, only one other study has investigated the impact of nanoparticles on protozoa (14) , also concentrating on Cryptosporidium, even though this pathogen is a leading cause of waterborne disease (1). The results presented here confirm that silver nanoparticles and silver ions are toxic to the waterborne protozoan pathogen Cryptosporidium, and they quantify the dose dependence of this effect.
Whether silver nanoparticle toxicity is due to particles, ions, or a combination of both has been hotly debated over the last decade, and many mechanisms of action have been proposed (e.g., see references 22 and 23). It is well known that AgNPs can be oxidized in aqueous solutions, leading to release of silver ions, and recent publications suggest that in the case of controlled aqueous laboratory media, AgNP toxicity is due to silver ion release into the exposure medium (9, 24, 25) . However, this may vary in water containing high concentrations of chlorides or organic matter, which could form largely insoluble complexes with Ag ions and therefore reduce their toxicity (26) .
A particular advantage of studying Cryptosporidium is that this pathogen offers a unique opportunity to gather deeper insight into the mechanisms of nanoparticle interaction with biological samples; in most cellular suspensions the halogen-containing culture medium precludes the accurate evaluation of silver ion toxicity, as silver halides tend to precipitate at low concentrations. Furthermore, nanoparticle properties, such as agglomeration and aggregation, surface charge, and adsorption of proteins, are generally highly dependent on the surrounding medium (e.g., see references 27 and 28). The robustness of Cryptosporidium oocysts enabled experiments to be conducted in water so that both the comparison of nanoparticles versus ions and the mechanisms of action of the particles in as close to their native state as possible in a solution could be investigated.
Recent work by Xiu et al. concluded that there was a negligible particle-specific antibacterial activity of silver nanoparticles, though organism-specific responses could lead to different observations in other biological systems (9) . They found that antibacterial activity as a function of released silver ions from AgNPs was indistinguishable from that for the equivalent concentration of silver ions (from silver nitrate). However, we observed greater toxicity with AgNPs at equivalent concentrations, suggesting that the oocyst response to AgNPs differs from the bacterial response. Over a range of concentrations comparable to those observed for bacterial toxicity, both silver nanoparticles and silver ions were observed to either trigger destruction of the oocysts or render oocysts nonviable (Table 1) . At the same microbial density, the MBCs for Escherichia coli and Staphylococcus aureus with AgNPs were reported to be 20 and 40 g/ml, respectively (6). This is a factor of 10 lower than the results for Cryptosporidium by use of excystation percentage but a factor of 10 higher by use of the sporozoite/shell ratio as a measure of viability. The same study found the MBC for these bacteria with silver ions to be 7.5 g/ml (6), a factor of 100 lower than the results observed for Cryptosporidium with either measure of excystation. The result obtained with silver ions was as expected, since Cryptosporidium oocysts have a protective outer wall which, for example, resists disinfection by chlorine, to which bacteria are particularly susceptible. Given this robust outer wall, it was surprising to observe a toxicity of AgNPs similar to that for bacteria.
Additionally, while the bacterial study found silver ions to be more cytotoxic than AgNPs (6), our results indicate that AgNPs appear to be slightly more toxic than silver ions to oocysts. For example, the impact on excystation percentage became significant at the same concentration (500 g/ml), with AgNPs leading to a greater reduction in excystation percentage (to 33% with AgNPs, compared to 62% with ions). Previous characterization of the NPs employed revealed that fewer than 1% of AgNPs dissolve in water (16) , suggesting that the silver ion concentration equivalent to 500 g/ml AgNPs is 5 g/ml silver ions, further confirming our hypothesis that AgNPs are more toxic, as there was a clear impact of 500 g/ml AgNPs, whereas no changes were observed with 5 g/ml silver ions. Additionally, using the sporozoite/shell ratio as a measure, AgNP toxicity was noted at much lower concentrations than those for silver ions, most likely because sporozoites are more susceptible to NPs than oocysts are and therefore are more easily destroyed, reducing the observed ratio. Greater AgNP toxicity through the impact of the medium on silver ion bioavailability has been reported previously.
One previous study of oocyst exposures to AgNPs and ions was conducted by Su et al., who utilized 100 g/ml of AgNPs and the equivalent concentration of Ag ions, i.e., 63.5 g/ml of Ag ions (100 g/ml of AgNO 3 ), with 4-h exposures (14) . These concentrations were at the upper range of what we investigated, though our exposures took place over just 30 min. Su et al. reported excystation percentages of 42.7% for oocysts exposed to AgNPs, 71.4% for those treated with silver nitrate, and 89.5% for untreated oocysts, which are comparable to our results. Su et al. concluded that Ag ions were ineffective at inactivation of oocysts, implying that the impact of AgNP action was in some way related to an intrinsic property of the NP itself. This is also in agreement with our observation that AgNPs are more toxic than silver ions to oocysts. However, Su et al. did note that AgNP action was often attributed to the release of silver ions, though they offered no explanation for why little effect was observed with Ag in their results. We compared the influences of particles and ions by performing viability dose-response assays for each state of the material. Our findings indicate that while both AgNPs and Ag ions are capable of inactivation of C. parvum oocysts, there is a strong dose dependence, with AgNPs exhibiting greater toxicity.
The greater toxicity of AgNPs was more apparent depending upon the excystation measure e_Pmployed. The ratio of the number of oocysts to the number of shells (excystation percentage) might not reveal the influence of silver upon oocysts if the inactivation occurs through sporozoite destruction, as empty oocysts might still undergo excystation. However, by considering the sporozoite/shell ratio, this factor can be accounted for. Our results clearly indicated a decrease in the sporozoite/shell ratio with increasing silver doses, showing that exposure reduces oocyst viability through sporozoite destruction. This is in agreement with the findings of Su et al., who observed sporozoite destruction by phase-contrast imaging and the dielectrophoretic response (14) . Sporozoite destruction suggests an internalization of silver nanoparticles or ions. Su et al. observed sporozoite destruction within intact oocysts, confirming that the wall was not destroyed, via propidium iodide staining. At high concentrations, we observed destruction of the oocyst wall, at which point it is reasonable to infer sporozoite destruction because sporozoites are much less robust than the oocyst itself, and indeed are packaged within the oocyst structure to protect them from the environment. Our results showed sporozoite/shell ratio decreases at much lower AgNP concentrations than those of silver ions (statistically significant effects noted at 5 g/ml versus 500 g/ml). One explanation is that the presence of AgNPs contributes to greater silver internalization, potentially mediated by the local low pH enhancing silver release following AgNP binding to the membrane, in an enhanced "Trojan horse" effect which has previously been suggested as a mechanism for nanoparticle toxicology after uptake into lysosomes (29) . An alternative is that bound AgNPs are not removed before the excystation assay and thus remain a source of silver ions as sporozoites are excysted, although the results of Su et al. suggest the occurrence of sporozoite destruction before the oocyst wall is broken.
Hyperspectral imaging with enhanced dark-field microscopy offers a significantly higher signal-to-noise ratio and therefore better scatter detection of particles than conventional optical methods, and the spectral profiles of NPs can be used to detect NPs by hyperspectral imaging; this method has increasingly been used for the study of environmental samples (18, 19, 30) , including the semiquantitative detection of uptake of NPs by protozoa (19) and the study of disinfection of water samples (31) . We employed hyperspectral imaging to study both whether nanoparticles interact with the membrane and the oocyst morphology after exposure. These experiments enabled preliminary conclusions on the mode of nanoparticle action. Our results supported by hyperspectral imaging clearly highlight the interaction of silver nanoparticles with the oocyst wall. Previous work noted the accumulation of AgNPs on cell surfaces and the formation of "pits" (8) . Taken together with our other findings, the data appear to indicate that interaction of AgNPs with the oocyst wall is a critical step in mediation of the toxic effects observed, resulting in greater toxicity than that with Ag ions alone.
In conclusion, we have provided a detailed characterization of silver nanoparticle and ion toxicity on protozoan pathogens, such as Cryptosporidium. Furthermore, dose-response experiments showed that high concentrations of nanoparticles and ions cause oocyst destruction, with lower concentrations affecting viability. Comparison of excystation percentages and sporozoite/shell ratios indicates a greater sensitivity of the sporozoites to silver, with AgNPs leading to more sporozoite destruction. This work has revealed that, for oocysts, there is a particle-specific mechanism imparting a greater toxicity of nanoparticles than that of ions. Additionally, the use of hyperspectral imaging allowed us to confirm the interactions of AgNPs with the oocyst membrane and to observe the subsequent oocyst disruption.
Protozoan pathogens are a major contributor to the waterborne disease burden, and this dose-dependent analysis of silver nanoparticle and silver ion impacts will be highly useful in assisting the application of these materials for oocyst disinfection. While improvements in efficacy are also required to achieve a truly effective disinfectant, this can perhaps be achieved by combina-tion with other materials/reagents. However, as noted above, the presence of, e.g., other ions or organic components in a sample can have an impact on toxicity, and further investigations with finished and raw waters are required.
